Ribonuclease P (RNase P) is a ribonucleoprotein complex that catalyzes the cleavage of the 5 end of precursor tRNA. To characterize the interface between the Bacillus subtilis RNA (PRNA) and protein (P protein) components, the intraholoenzyme K D is determined as a function of ionic strength using a magnetocapture-based assay. Three distinct phases are evident. At low ionic strength, the affinity of PRNA for P protein is enhanced as the ionic strength increases mainly due to stabilization of the PRNA structure by cations. Lithium substitution in lieu of potassium enhances the affinity at low ionic strength, whereas the addition of ATP, known to stabilize the structure of P protein, does not affect the affinity. At high ionic strength, the observed affinity decreases as the ionic strength increases, consistent with disruption of ionic interactions. These data indicate that three to four ions are released on formation of holoenzyme, reflecting the number of ion pairs that occur between the P protein and PRNA. At moderate ionic strength, the two effects balance so that the apparent K D is not dependent on the ionic strength. The K D between the catalytic domain (C domain) and P protein has a similar triphasic dependence on ionic strength. Furthermore, the intraholoenzyme K D is identical to or tighter than that of full-length PRNA, demonstrating that the P protein binds solely to the C domain. Finally, pre-tRNA asp (but not tRNA asp ) stabilizes the PRNA·P protein complex, as predicted by the direct interaction between the P protein and pre-tRNA leader.
INTRODUCTION
RNase P is the ubiquitous endonuclease found in prokaryotes, eukaryotes, and archaebacteria responsible for catalyzing the hydrolysis of a specific phosphodiester bond in pre-tRNA, yielding a mature tRNA with a 5Ј phosphate group (Apirion and Miczak 1993) . In all organisms, RNase P is a ribonucleoprotein complex (having both RNA and protein components; Xiao et al. 2002) . The bacterial RNase P RNA component alone under high salt conditions is capable of catalyzing pre-tRNA maturation (Guerrier-Takada and Altman 1984) ; however, the single protein component is essential for in vivo catalytic activity, and enhances substrate affinity in Bacillus subtilis RNase P (Kurz et al. 1998) . The eukaryotic RNase P is composed of a single RNA and several proteins, all of which are necessary for activity (Chamberlain et al. 1998; Xiao et al. 2001) . Interestingly, an RNA component has not yet been identified for RNase P's from chloroplast and mitochondria from higher eukaryotes (Gegenheimer 1995; Rossmanith and Karwan 1998; Rossmanith and Potuschak 2001) .
RNase P requires both monovalent and divalent cations for stabilization of structure and enhancement of catalysis. Monovalent cations lower the dissociation constant of PRNA for both substrate (Crary et al. 1998) and product (Hardt et al. 1993; Beebe et al. 1996) , but they are unable to compensate for magnesium in catalysis (Smith et al. 1992) . Even though >100 magnesium ions surround PRNA (Beebe et al. 1996; Kurz et al. 1998) , at least three classes of magnesium ions stabilize the tertiary structure and are needed for optimal activity (Smith and Pace 1993) , at least two are necessary for E·S or E·P complex formation, and a minimum of one site stabilizes the transition state (Beebe et al. 1996) . Substitution of a sulfur for an oxygen on the phosphate of the scissile bond in pre-tRNA in both prokaryotes Warnecke et al. 1999 ) and eukaryotes (Thomas et al. 2000) decreases catalysis 10 4 -fold, suggesting that magnesium may directly interact with the scissile phosphate. Modification of the 2Ј hydroxyl at the cleavage site decreases the cleavage rate constant significantly, suggesting that this group functions as a hydrogen bond donor (Smith and Pace 1993; Persson et al. 2003) . The highly conserved helix P4 of PRNA is proposed to comprise the active site of the RNase P from phosphorothioate (Harris and Pace 1995; Christian et al. 2000; Crary et al. 2002) and nucleotide analog interference mapping studies (Kaye et al. 2002) .
In vivo, RNase P recognizes all pre-tRNAs with different primary sequences; consequently, the characteristic secondary and tertiary structures of tRNA are essential molecular recognition elements (Tobian et al. 1985; Krupp et al. 1991; Pan and Jakacka 1996; Lee et al. 1997) . Previous work has focused on the characterization of the interactions between substrate and PRNA in the ribozyme reaction (Christian et al. 1998; Loria and Pan 1998; Christian and Harris 1999; Siew et al. 1999; Zahler et al. 2003) and demonstrated that the substrate directly contacts the P protein in RNase P (Crary et al. 1998; Niranjanakumari et al. 1998b ). However, less is known about the interactions between the PRNA and the P protein within the holoenzyme complex.
In the absence of substrate at low ionic strength, smallangle X-ray scattering studies have shown that the P protein·PRNA aggregates to form dimers (PRNA 2 /P protein 2 ; Fang et al. 2001) , but the holoenzyme complex is monomeric in the presence of substrate or at high ionic strength (Barrera et al. 2002) . The recent X-ray crystal structure of the S domain of the B. subtilis PRNA suggests that the dimer interface is adjacent to the putative pretRNA binding site in the S domain (Krasilnikov et al. 2003) . X-ray crystal structures of P protein from B. subtilis (Stams et al. 1998) and Thermotoga maritima (Kazantsev et al. 2003) , and the structure of P protein from Staphylococcus aureus solved by NMR techniques (Spitzfaden et al. 2000) , suggest regions of the protein that could potentially bind RNA. To date, no crystallographic or NMR studies on the holoenzyme structure have been reported; however, biochemical structure-probing studies have been performed to produce models of the ribonucleoprotein and enzyme-substrate complexes (Rox et al. 2002; Tsai et al. 2003; S. Niranjanakumari, J.J. Day-Storms, R.A. Venters, M. Ahmed, and C.A. Fierke, in prep.) .
To investigate further the nature of the interaction between the PRNA and P protein of B. subtilis RNase P, we developed a magnetocapture-based assay to determine the intraholoenzyme K D using P protein with a His-tag on either the C or the N terminus. In monitoring the apparent intraholoenzyme K D as a function of ionic strength, three phases are observed for both full-length PRNA and the C domain only. At low ionic strength, the apparent affinity between the protein and RNA increases as the ionic strength increases, as previously demonstrated (Talbot and Altman 1994a,b) . The addition of 1 mM ATP has little effect on this phenomenon, whereas the substitution of Li + for K + or C domain for wild-type PRNA shifts this phase to lower ionic strength. Therefore, the enhancement of binding affinity at low ionic strength is likely due to structural stabilization or rearrangement of the PRNA. At high ionic strength, the apparent intraholoenzyme K D increases as a function of ionic strength, suggesting important ionic interactions. The magnitude of this effect indicates that a net formation of three to four ionic pairs stabilize the PRNA/P protein interaction. Finally, at intermediate ionic strength conditions, these two phenomena cancel each other so that the K D is independent of ionic strength. These data demonstrate that electrostatic interactions between PRNA and P protein, likely between the highly conserved P4 helix of PRNA and the positively charged RNR motif of P protein, are important for formation of the holoenzyme complex.
RESULTS

Magnetocapture assay to measure the affinity of PRNA for P protein
To determine the affinity of the B. subtilis PRNA for P protein, henceforth termed the intraholoenzyme affinity, we developed a magnetocapture assay (Fig. 1) to separate PRNA from the PRNA·P protein holoenzyme complex. For this assay, we first prepared B. subtilis P protein containing a 6×His-tag incorporated onto either the C terminus or the N terminus. The His-tagged P protein·PRNA holoenzyme complex was formed by incubating varying concentrations of His-tagged P protein with trace concentrations of refolded PRNA containing a radioactive label at the 5Ј end for 30 min at 25°C (Fig. 1, step A) . Varying the incubation time from 30 to 60 min did not affect the amount of complex formed, indicating that equilibrium was achieved. The Histagged P protein·PRNA complex was separated from free PRNA by incubation with magnetic agarose beads containing nickel coordinated by NTA (Ni-NTA; Fig. 1, step B) . In the absence of the His-tagged P protein, typically <5% of the radioactivity in the PRNA was retained on either the magnetic beads or on the sides of the microfuge tube. At saturating concentrations of P protein, 70%-90% of the radiolabeled PRNA was routinely retained on the magnetic beads. Therefore, the formation of the RNase P holoenzyme could be quantified from the bound radioactivity indicating the concentration of PRNA bound to the beads. The fraction of the total PRNA that binds to the beads has a hyperbolic dependence on the concentration of P protein, as expected for a binding isotherm (Fig. 2) . The values for the apparent intraholoenzyme K D were calculated from a fit of a binding isotherm (Equation 2) to these data. The location of the His-tag does not affect the protein affinity because the values for the intraholoenzyme K D are identical for the C-terminal and the N-terminal His-tagged P proteins at 15 ± 2 nM and 15 ± 4 nM, respectively (Fig. 2) . These values are higher than those observed previously using a gel retardation assay (0.4 nM) under different ionic conditions, temperature, protein (Escherichia coli C5) and RNA components (Talbot and Altman 1994a) .
To investigate the specificity of the PRNA/P protein interaction, we compared the affinity of the B. subtilis PRNA for the C-terminal His-tagged B. subtilis and E. coli P proteins ( Fig. 2, inset ; Rivera- Leon et al. 1995) ; at 400 mM ammonium chloride, the value for the K D for the B. subtilis P protein of 40 ± 10 nM is 10-fold lower than that of the E. coli P protein (400 ± 200 nM). Under similar conditions, the Saccharomyces cerevisiae RPR1 RNA binds the B. subtilis protein >30-fold less tightly than does the B. subtilis PRNA (1500 ± 500 nM), which is similar to affinities measured for nonspecific RNA-protein interactions at moderate ionic strength (Ucci and Cole 2004) . These data suggest that the P protein recognizes regions of PRNA that are conserved between the E. coli and B. subtilis species, such as the conserved P4 helix that contains 11 of the 21 invariant nucleotides found in all cellular PRNAs (Frank and Pace 1998) . Consistent with this, previous studies have demonstrated that the B. subtilis P protein activates the catalytic activity of the E. coli PRNA significantly (Guerrier-Takada et al. 1983) and the archaeal PRNA modestly (Pannucci et al. 1999) . However, differences between the PRNAs, including the presence or absence of helices and the elaboration of helices FIGURE 2. Measurement of the intraholoenzyme K D for His-tagged P protein and PRNA. The observed K D was determined using trace concentrations (<0.1 nM) of refolded, 32 P-5Ј end-labeled PRNA and varying concentrations (0.5 nM-1 µM) of either C-terminal His-tagged (•) or N-terminal His-tagged (⅙) B. subtilis P protein in 50 mM Tris-HCl (pH 8), 10 mM imidazole, 10 mM MgCl 2 , and 100 mM KCl. The dissociation constants were determined from a fit of Equation 1 to these data, giving values of 15 ± 4 nM and 15 ± 2 nM, respectively, for the N-terminal His-tagged P protein and C-terminal His-tagged P protein. (Inset) Measurement of the intraholoenzyme K D between the C-terminal His-tagged B. subtilis P protein (•) or E. coli P protein (᭝) for the B. subtilis PRNA or the C-terminal His-tagged B. subtilis P protein and the S. cerevisiae RPR1 RNA (ᮀ) in higher salt (50 mM Tris-HCl at pH 8, 10 mM imidazole, 10 mM MgCl 2 , and 400 mM NH 4 Cl). The affinity of the B. subtilis P protein·PRNA complex is 40 ± 10 nM, whereas the affinities for the E. coli P protein·B. subtilis PRNA complex and the B. subtilis P protein·S. cerevisiae RPR1 RNA complex are 400 ± 200 nM and 1500 ± 500 nM, respectively. FIGURE 1. Schematic of magnetocapture assay. (A) Radiolabeled PRNA (gray, helical) and P protein (black, with His-tag labeled H) are incubated to form equilibrium concentrations of free PRNA, free P protein, and holoenzyme complex. (B) Magnetic agarose Ni-NTA beads are added to bind the free P protein and the holoenzyme complex. (C) An external magnetic strip is applied to pull the magnetic beads with the bound holoenzyme complex and noncomplexed Histagged P protein from the bulk solution where the free PRNA is located. (D) The free radiolabeled PRNA is removed in the wash and counted in a scintillation counter. (E) The bound complexes and proteins are removed from the beads and quantitated by Cerenkov scintillation counting.
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The interaction between the B. subtilis P protein and PRNA is ionic in nature
Interactions between RNA and RNA binding proteins frequently include important ionic contributions. For example, ionic interactions are important for RNA recognition in the HIV Tat protein (Weeks and Crothers 1992) , the phage R17 coat protein (Carey and Uhlenbeck 1983) , the E. coli ribosomal L11 protein (Ryan and Draper 1989) , and Bacillus stearothermophilus ribosomal S4 protein (Gerstner et al. 2001) . However, previous studies using a gel retardation assay to monitor the affinity of the E. coli PRNA (M1 RNA) for the C5 protein indicated that the apparent K D decreases as the ionic strength increases for all concentrations of NH 4 Cl measured. These results, combined with enthalpy measurements, suggested that the RNA/protein contact in E. coli RNase P holoenzyme was a novel, hydrophobic interaction (Talbot and Altman 1994b) . However, recent models of the structure of the RNase P holoenzyme suggest that the positively charged "RNR" motif of the P protein interacts with PRNA (Tsai et al. 2003 ; S. Niranjanakumari, J.J. Day-Storms, R.A. Venters, M. Ahmed, and C.A. Fierke, in prep.).
We probed the importance of ionic interactions in the formation of the B. subtilis RNase P holoenzyme by determining the apparent intraholoenzyme K D as a function of the ionic strength at 10 mM MgCl 2 and varying concentrations of KCl (0.1-800 mM). Three distinct phases are clearly evident in a plot of the log K D,app as a function of the log of the ionic strength (Fig. 3) . At low ionic strength, the K D decreases as the ionic strength increases, as observed previously (Talbot and Altman 1994b) , whereas at high ionic strength the K D increases as the ionic strength increases, as is often the norm for nucleic acid binding proteins (Vartikar and Draper 1989; Weeks and Crothers 1992) . At moderate ionic strengths, these two effects are balanced so that the K D appears to be independent of the ionic strength.
The multiple effects of ionic strength on the intraholoenzyme K D are consistent with Scheme 1, suggesting two classes of ion binding sites that affect P protein affinity, where one class enhances affinity (Z n1 ) and the second class decreases affinity (Z n3 ). This model assumes complete cooperativity in binding each group of ions. Equation 1, derived from this model,
provides a good description of the ionic strength dependence of K D (Fig. 3) . At very low salt concentration, the apparent K D decreases, as seen in the previous studies (Talbot and Altman 1994b) . This enhanced affinity could be explained by stabilization of the native structure of either the PRNA by bound cations (Pan 1995) or the P protein by bound anions (Stams et al. 1998; Henkels et al. 2001) , or a combination of both. These possibilities will be discussed in detail later; Scheme 1 illustrates a mechanism where cations bind to PRNA to stabilize a conformation with high affinity for the P protein (RNA·Z n1 ). We will refer to this portion of the curve as "activation" by ions. Under these conditions, the apparent dissociation constant (as described by Equation 1) extrapolates to
, reflecting the equilibrium constants for both structure stabilization by the ions (K 1 ) and affinity of PRNA for P protein (K 2 ). Because of the innate difficulty of obtaining very low (i.e., submillimolar concentration) ionic strength while maintaining the magnesium concentration at 10 mM, K D measurements at low salt have the largest degree of error. A fit of Equation 1 to the data in Figure 3 suggests approximate values for K 1 and n 1 of 0.09 ± 0.01 M and 4.4 ± 0.9, respectively (Table  1) . At intermediate concentrations, there is a region that is relatively independent of ionic strength that can be described by the binding of P protein to PRNA·Z n1 to form holoenzyme, K 2 (13 ± 2 nM), with no net uptake or release of ions. A similar plateau region was observed in the salt FIGURE 3. Measurement of the intraholoenzyme K D for His-tagged P protein and PRNA (or C domain) as a function of ionic strength. The observed K D for wild-type holoenzyme complex (•) and the C domain-P protein complex (⅙) were determined in 50 mM Tris-HCl (pH 8), 10 mM MgCl 2 , 10 mM imidazole, and 0.1-800 mM KCl at room temperature. The ionic strength was determined as described in Equation 3. Equation 1, derived from the model shown in Scheme 1, was fit to the data. The results of these fits are listed in Table 1 .
Model describing the dependence of the intraholoenzyme K D on ionic strength.
Day-Storms et al.
dependence of the affinity of E. coli ribosomal S4 protein for rRNA (Vartikar and Draper 1989) . Finally, at high ionic strength the apparent intraholoenzyme K D increases as the ionic strength increases. Decreased affinity for nucleic acids at high salt is observed for many nucleic acid binding proteins, including ribosomal proteins and the HIV Tat protein (Carey and Uhlenbeck 1983; Ryan and Draper 1989; Weeks and Crothers 1992; Gerstner et al. 2001) . In this region, binding affinity is decreased because cations in solution are competing with the P protein for interactions with specific sites on the nucleic acid and solution anions are competing for the RNA binding regions of the P protein. In Scheme 1, this is illustrated by the equilibrium K 3 where the P protein displaces a class of cations (n 3 ) when it binds to PRNA. We call this the "destabilization" portion of the curve. The apparent dissociation constant at high salt concentrations can be approximated by [Z] n3 /K 3 n3 (Equation 1). A fit of Equation 1 to the data in Figure 3 indicates that K 4 (where
) equals 0.38 ± 0.04 M with a value for n 3 of 4.0 ± 0.5. This portion of the curve will be discussed in greater detail later.
Previously, we described the specificity of the His-tagged P protein for different PRNAs at moderate ionic strength (Fig. 2, inset ). To test for nonspecific binding at either low or high ionic strength, we measured the K D between the His-tagged P protein and either a small DNA oligomer (TA ATACGACTCACTATAG) or the S. cerevisiae RPR1 RNA. At 15 mM KCl, 10 mM MgCl 2 , 10 mM imidazole, 50 mM Tris (pH 8), the observed K D for the P protein-PRNA complex is 65 nM. Under the same conditions, varying the concentration of P protein (1 nM-5 µM), a maximal amount of <30% of the DNA oligomer and ∼35% of RPR1 RNA bound to P protein at 5 µM. Because the affinity is so weak, the K D for each nucleic acid can only be estimated at ∼9 µM by assuming an endpoint of 90% bound (data not shown). When the concentration of KCl is increased to 800 mM, the observed PRNA-P protein K D is 440 nM. Under these conditions, <25% of the DNA oligomer and ∼35% of RPR1 RNA bind to P protein at a concentration of 5 µM, indicative of a significantly larger K D (estimated at 10 µM). Taken together, these data demonstrate that the observed affinity between P protein and PRNA at the extreme ionic conditions is significantly higher than a nonspecific interaction between the P protein and other nucleic acids and reflects a specific binding site.
The "activation" is primarily due to stabilization of the PRNA by environmental cations
In many cases, RNA-protein complexes are proposed to form using an induced fit rather than a "lock-and-key" mechanism (Leulliot and Varani 2001) , which brings about three possibilities. One scenario is that on formation of the RNA-protein complex, the RNA undergoes a conformational change or structural stabilization, which may be a large macroscopic rearrangement or a localized movement. An example of this can be seen in the S15-rRNA complex, where a helical rearrangement occurs in the RNA in the presence of Mg 2+ and the S15 protein compared with the free form of the RNA (Williamson 2000) . Another possibility is that the protein undergoes a conformational change when it binds to the RNA, as observed for the N antitermination protein of bacteriophage when it binds to its cognate boxB hairpin RNA (Van Gilst et al. 1997; Mogridge et al. 1998) . The final option is a mutually induced fit where the structures of both components alter, as seen in the U1A-UTR complex (Williamson 2000; Leulliot and Varani 2001) .
The enhancement of the PRNA·P protein binding affinity by ions at low ionic strength could be due to stabilization of Values were determined from a global fit of the data as described in Figures 3-5 using the following equation: n 3 log K 3 = n 3 log K 4 − log K 2 .
i
Value obtained from the linearization of the data for 1-800 mM LiCl.
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www.rnajournal.org the protein alone, the RNA alone, both components, and/or the protein·RNA complex. Previous studies have shown that the B. subtilis P protein is intrinsically unstructured in the absence of PRNA or other anions, but it folds into a specific structure on addition of anions (Henkels et al. 2001) . The concentration of anion required to fold the P protein follows the anion binding series, indicating that specific ionic interactions are important for structure stabilization (Henkels et al. 2001) , as observed for acid-denatured Sac7d (McCrary et al. 1998) . To test whether the activation observed in the holoenzyme complex formation is due mainly to stabilization of the native fold of the P protein, we determined the dependence of the intraholoenzyme dissociation constant as a function of the ionic strength in the presence of 1 mM ATP. At 1 mM ATP, the P protein is completely folded in solution (Henkels et al. 2001) . If the enhancement of the stability of the holoenzyme complex is solely due to stabilization of the protein structure by anions, then the activation by anions should disappear or shift to lower concentrations in the presence of 1 mM ATP. This did not occur ( Fig. 4 ; Table 1 ). Although the ionic strength at submillimolar conditions is difficult to maintain, these data clearly demonstrate qualitatively that addition of ATP has little effect on the values of the apparent K D at low ionic strength. The value of K 1 is unchanged (0.07 ± 0.01 M) although n 1 increases (>5), perhaps because of partial coordination of the Mg 2+ ions by ATP at low ionic strength. Furthermore, the presence of ATP has virtually no effect on K 2 (12 ± 3 nM in 1 mM ATP and 13 ± 2 nM in the absence of ATP). At high concentrations of salt, the presence of ATP modestly enhances the value of K 4 (0.5 ± 0.1 M), but the value of n 3 is unaffected (Table 1 ). These data indicate that activation of the holoenzyme complex formation at low ionic strength is not mainly due to stabilization of the P protein structure. Most likely, the presence of the polyanionic PRNA is sufficient to stabilize the native fold of the P protein on complex formation.
To determine if the ionic stabilization of the PRNA·P protein complex is due to stabilization of RNA structure, we monitored the dependence of the intraholoenzyme K D as a function of ionic strength by varying the concentration of LiCl (0.1-800 mM) in lieu of KCl. Because of its higher charge density, Li + ions previously have been shown to be more effective at stabilizing RNA structure in general than the K + cation (Urbanke et al. 1975; Labuda and Augustyniak 1977; Torrent et al. 1994; Gluick et al. 1997) . . Most important, the "activation" portion of the curve is shifted to significantly lower ionic strength and almost disappears completely. The K 1 is decreased significantly by the addition of Li + , as is expected if the activation portion of the curve reflects stabilization of the native RNA fold. The other major effect of Li + is that the competition with cations at high ionic strength is less cooperative because n 3 = 1. Lithium also modestly decreases K 2 (8 nM) and K 4 (0.2 M; Table 1 ). In summary, these data suggest that the stabilization of the PRNA·P protein complex at low ionic strength is mainly due to stabilization of the folded structure of PRNA by added cations.
The catalytic domain displays a similar ionic interaction with the P protein PRNA contains two domains that fold independently of one another (Pan 1995) , with each having specific functions. The catalytic domain of B. subtilis PRNA contains all of the essential components necessary for enzymatic catalysis (Loria and Pan 1996, 2001) , although the pre-tRNA affinity is decreased because the S domain contacts the T-stem/loop region of tRNA (Loria and Pan 1996; Qin et al. 2001 ). The C domain, unlike the full-length wild-type PRNA, folds without any kinetic traps into the catalytically active, native structure at Mg 2+ concentrations (0.4-1.2 mM MgCl 2 ) significantly lower than required for folding of wild-type PRNA (Pan 1995; Fang et al. 1999) . Furthermore, the C domain has been demonstrated previously to bind P protein (Loria and Pan 2001) . We determined the observed K D of the C domain-P protein complex over the same range of concentrations of KCl (0.1-800 mM; Fig. 3 ). The C domain holoenzyme exhibits three phases similar to those observed for wild-type holoenzyme. The main difference is in the activation phase where the K 1 (0.06 ± 0.01 M) is decreased slightly compared with that of wild type and the value of n 1 (ӷ5 ; Table 1 ) is increased. These data provide additional evidence that the "activation" limb is dependent on the stability of PRNA because the C domain remains folded at Table 1. lower concentrations of Mg 2+ than wild-type PRNA. The K 2 value is essentially identical to that of the wild-type PRNA (12.0 ± 0.8 nM and 13 ± 2 nM, respectively), whereas the K 4 and log K 3 n3 values are slightly higher (0.44 ± 0.02 M and 6.6 ± 0.1, respectively; Table 1 ). These data show that the affinities of the C domain and the wild-type PRNA for P protein show similar behavior at moderate and high ionic strength. At low ionic strength, the C domain displays a higher cooperativity in ion binding, which could be explained by an increase in RNA structural stability as compared with that of the wild-type PRNA.
As previously mentioned, the wild-type B. subtilis PRNA-P protein can form dimers under stoichiometric, micromolar concentrations of PRNA and P protein in the absence of substrate and at low salt. Under the conditions of the magnetocapture assay (excess P protein, nanomolar P RNA), dimerization is not predicted to occur, except perhaps at very low ionic strength. Hydroxyl-radical footprinting data indicate that the dimer interface is in the S domain adjacent to the binding site of the T-stem/loop of tRNA (Barrera et al. 2002) and therefore the C domain should not dimerize. The similarity between the ionic strength dependence of the affinity of the P protein for the C domain and for wild-type PRNA at moderate and high salt concentrations confirms that dimerization is not occurring under these conditions. The differential affinity at low ionic strength could potentially reflect dimerization of the PRNA-P protein complex, although dimer formation is predicted to increase the observed affinity whereas the affinity of P protein for wild-type PRNA is lower than for the C domain under all conditions (Fig. 3) .
Addition of substrate stabilizes the P protein·PRNA complex
The affinity of the B. subtilis holoenzyme for pre-tRNA Asp , but not tRNA Asp , is enhanced 10 4 -fold compared with PRNA alone (Kurz et al. 1998) . Photocrosslinking and hydroxyl radical cleavage studies have shown that the 5Ј leader of the pre-tRNA interacts with the central cleft of the P protein (Niranjanakumari et al. 1998b; Tsai et al. 2003 ; S. Niranjanakumari, J.J. Day-Storms, R.A. Venters, M. Ahmed, and C.A. Fierke, in prep.). However, previous measurements of the E. coli holoenzyme show no change in the affinity of the C5 protein for the M1 RNA in the presence of either pre-tRNA Tyr or tRNA Tyr (Talbot and Altman 1994a) . To determine the effect of substrate on the affinity of the holoenzyme complex of B. subtilis RNase P, we measured the intraholoenzyme K D as a function of ionic strength in the presence of pre-tRNA Asp . For these experiments, calcium was substituted for magnesium to maintain the E·pre-tRNA complex throughout the experiment; this substitution decreases the pre-tRNA cleavage rate constant by ∼10 4 -fold (Smith and Pace 1993) without decreasing the affinity of PRNA for pre-tRNA (Smith et al. 1992; Hardt et al. 1993) . Furthermore, the structure of the ribozymesubstrate complex is unchanged in the presence of Ca 2+ , as indicated by intramolecular crosslinking patterns (Harris et al. 1997) . The K D of RNase P holoenzyme for pre-tRNA Asp in 10 mM Ca 2+ and 100 mM NH 4 Cl is 0.4 nM (Kurz et al. 1998) . To avoid altering the ionic strength in our binding experiments, we added a subsaturating concentration of substrate (0.1 nM). Under these conditions, the P protein·PRNA K D was determined using the magnetocapture assay at different concentrations of KCl (25-800 mM). The shape of the curve is similar to that of the holoenzyme in the absence of substrate (Fig. 5) . The most significant change is that the PRNA·P protein affinity at moderate and high ionic strength is enhanced about 10-fold; K 2 is decreased to 1.3 nM as compared with 13 nM (Table 1 ). In contrast, addition of tRNA Asp has little effect on the intraholoenzyme K D (Fig. 5) . At 100 mM KCl, the observed intraholoenzyme K D is 18 nM in the presence or absence of mature tRNA and 1.8 nM in the presence of pre-tRNA Asp . In 200 mM KCl, the observed K D s are 22 nM and 2.5 nM for addition of mature tRNA and substrate, respectively. These data are consistent with the enhanced affinity of the pre-tRNA to the holoenzyme complex compared with PRNA (Kurz et al. 1998) , although the magnitude is smaller, presumably because of both the subsaturating pre-tRNA concentration and the altered ionic conditions.
The addition of pre-tRNA also increases the value of K 1 modestly (approximately twofold), suggesting that pre-tRNA destabilizes the folded structure of PRNA. This could be caused by a myriad of possibilities, including that the pre-FIGURE 5. The effect of pre-tRNA substrate and mature tRNA product on P protein·PRNA affinity. The observed K D was determined in 50 mM Tris-HCl (pH 8), 10 mM imidazole, and 0.1-800 mM KCl at room temperature in 10 mM MgCl 2 (•) or 0.1 nM pre-tRNA Asp with 10 mM CaCl 2 (⅙) to inhibit catalysis. For the experiments using mature tRNA (ᮀ), the conditions were identical to those of the pretRNA Asp experiments except that the KCl was varied from 100 to 200 mM. The pre-tRNA or mature tRNA was added after the PRNA and P protein had been in solution for a minimum of 15 min. The ionic strength was determined as described in Equation 3, and Equation 1 was fit to the data. The results of these fits are listed in Table 1 .
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www.rnajournal.org tRNA is competing for the low concentration of cations to effectively decrease the ionic strength at low salt. Taken together, these data indicate that the presence of substrate increases the apparent affinity between the P protein and the PRNA without greatly affecting the affinity of the holoenzyme for cations (K 4 = 0.4 M; Table 1 ) or the number of cations displaced in the formation of the holoenzyme complex.
Number of ionic interactions is independent of cation
As previously stated, the decrease in the affinity of PRNA for P protein at high ionic strength can be described by the association constant K 3 in Scheme 1, where cations dissociate from PRNA when the P protein binds. Under high ionic strength solution conditions, the approximation of the observed K D,app , [Z] n3 / (K 3 ) n3 can be linearized by taking the logarithm of both sides: log K D,app = n 3 log[Z]−n 3 log K 3 . This type of relationship has been frequently observed for proteins binding to nucleic acids, and these earlier studies have manipulated this relationship to further investigate the effects of monovalent and/or divalent cations on complex assembly (deHaseth et al. , 1978 Record et al. 1977 Record et al. , 1978 . In this equation, the slope of the line, n 3 , approximates mЈ. The symbol mЈ signifies the number of ion pairs in the RNA-protein binding site, most likely formed between positively charged protein side chains and the negatively charged phosphodiester backbone of RNA, which stabilize complex formation. Furthermore, is the thermodynamic ion association parameter per nucleic acid phosphate group that indicates the fraction of counterion bound thermodynamically to each phosphate (Record et al. 1976) . Figure 6 depicts the dependence of the log K D, app (reflecting K 3 ) on the log of the ionic strength for the destabilization phase. The n 3 calculated from the slope of this plot is 3.1 ± 0.4 when [KCl] is varied, which is smaller than but within error of the n 3 value obtained from a global fit of the data (4.0 ± 0.5). By using the value determined for poly(A)·poly(U) as an approximation for RNA (0.89; Record et al. 1976 Record et al. , 1978 , the mЈ value is 3.5. The y-intercept of this linear fit reflects the value of −n 3 log K 3 and is similar to that obtained from a global fit of the data (6.3 ± 0.1 and 6.2 ± 0.1, respectively; Tables 1, 2). The presence of substrate has little to no effect on n 3 and mЈ (3.2 ± 0.9 and 3.6, respectively). However, the value of log (K 3 ) n3 obtained either from the linear fit (data not shown) or from the global fit of the data is increased by a factor of 10 (7.3 ± 0.3 in the presence of substrate versus 6.3 ± 0.3 in the absence of substrate), demonstrating that the substrate enhances the affinity of P protein. The removal of the S domain increases the log (K 3 ) n3 slightly as compared with wild-type PRNA (6.66 ± 0.05 linear fit; Fig. 6, Table 2 ). By looking at only the high ionic strength data, the n 3 value decreases to 2.8 ± 0.2; consequently, the mЈ is 3.1 ± 0.2. This decrease could signify two possibilities; the first is a decrease in the cooperativity of dissociation of ions at high ionic strength as compared with wild-type PRNA, and the other is that there is a decrease in the number of ionic interactions under these conditions on the deletion of the S domain. In summary, these data indicate that three to four ion pairs stabilize the PRNA-P protein interface, demonstrating that the P protein/PRNA interaction contains important ionic components.
To determine the effect of di-and trivalent cations on the stability of the holoenzyme complex, we quantitated the apparent intraholoenzyme K D as a function of either the concentration of MgCl 2 or Co(NH 3 ) 6 Cl 3 . At 200 mM KCl, log K D is linearly dependent on the log ionic strength when the concentration of Mg 2+ is varied (Fig. 6 ) with a slope, n 3 , equal to 3.2 ± 0.5 (Table 2 ). This value of n 3 is virtually identical to that determined from varying KCl in the absence of substrate. This similarity suggests that the effect of cations on K D is due to nonspecific electrostatic interactions. The mЈ value for MgCl 2 is calculated as 3.6 ± 0.6. MgCl 2 also has no effect on log (K 3 ) n3 as compared with KCl (6.2 ± 0.1; Fig. 6 ). For the cobalt hexammine experiments, the KCl concentration was decreased to 100 mM. Figure 6 illustrates the linear dependence of log K D on ionic strength at varying concentrations of cobalt hexammine. The slope (n 3 = 3.4 ± 0.2) is virtually identical to that measured under the other conditions, and mЈ is 3.8 ± 0.2. Under these experimental conditions, log (K 3 ) n3 decreases slightly (to 5.8 ± 0.2), indicating that the P protein competes less well with cobalt hexammine than potassium for interacting with PRNA. , and the calculated values for n 3 and log K 3 n3 are listed in Table 2 .
Day-Storms et al.
To further substantiate that binding affinity is not dependent on the identity of the cation, we measured the intraholoenzyme K D at a constant ionic strength with the ratio of [KCl] ] (data not shown). In total, these data indicate that the interaction between the P protein and PRNA contains a major electrostatic component. Varying the cation, moreover, has little effect on either the number of ionic interactions between the protein and RNA at the binding site with the formation of three or four important ion pairs or the value of K 3 . These properties are consistent with the P protein displacing cations that interact nonspecifically with PRNA.
DISCUSSION
Comparison of gel-shift assay and magnetocapture assay Talbot and Altman (1994a) previously monitored the formation of E. coli holoenzyme using a gel-shift (or gel retardation) assay. The values they observed were 0.4 nM for both the E. coli holoenzyme and the B. subtilis holoenzyme complex and 1.4 nM for the E. coli-B. subtilis heterologous complex, independent of ionic conditions. A number of differences exist between this method and the magnetocapture-based assay described here. First, the assay conditions were considerably different. The holoenzyme in the gel-shift assay was reconstituted in 400 mM NH 4 OAc and 10 mM Mg(OAc) 2 at 37°C and then loaded onto a 5% polyacrylamide gel with a low salt running buffer (1 mM Mg(OAc) 2 , 50 mM K-Hepes at pH 8.0) and electrophoresed for 3-4 h at 4°C. This method assumes that the amount of holoenzyme complex does not change on dilution into the loading buffer in the well prior to entering the gel (Garner and Revzin 1981) and that the complex formation in the gel is not altered because of either the lower salt in the gel buffer or a "caging" effect where dissociated components are not allowed to diffuse away once in the gel matrix (Fried and Crothers 1981) . These conditions may also enhance dimerization or aggregation of the holoenzyme complex (Fang et al. 2001 ).
The magnetocapture assay described here has several advantages. First, the salt concentration is maintained throughout the affinity measurement and it is relatively straightforward to alter the solution conditions. However, some limitations on the solution conditions are imposed by the nature of the His-tag/Ni 2+ interaction, such as variation in pH is limited; divalent metal ion chelators, such as EDTA, should be excluded from the binding buffer; and nickel reducing agents, such as sulfhydryl-containing reagents, and buffers containing secondary or tertiary amines should be limited. Under the experimental conditions used in this report, the concentration of Tris (50 mM) is not significant enough to chelate the nickel ions away from the NTA resin. Low concentrations of imidazole or histidine can be used to help reduce nonspecific interactions with the resin. Furthermore, ionic interactions between the protein or RNA and the bead should be considered. In our experiment, RNA does not bind to the beads in the absence of P protein, and the measured affinity is dependent on the nature of the specific ions in solution, that is, lithium versus potassium, not just the ionic strength. Consequently, the ionic interaction between the protein and the bead is not a significant factor for the range of ionic strengths we used. Second, lengthy separation times are not needed, although the dissociation rate constant must be less than the amount of time needed to separate the beads from the bulk solution (<1 min). Third, this assay is easily adaptable for measurement of a wide range of protein-nucleic acid affinities requiring only the addition of a His-tag to the protein. One caveat is that interaction with the NTA resin could potentially alter the affinity of the P protein/PRNA complex. However, the identical affinity measured with the His-tag located at the N and C terminus of P protein suggests that specific interactions with the resin do not occur. Further- 3.1 ± 0.4 3.2 ± 0.9 2.8 ± 0.2 3.2 ± 0.5 3.4 ± 0.2 n 3 logK 3 6.3 ± 0.1 7.3 ± 0.3 6.66 ± 0.05 6.2 ± 0.1 5.8 ± 0.2 a The apparent intraholoenzyme K D s were measured at varying ionic conditions as described in the legend of Figure 6 . RNase P intraholoenzyme interactions www.rnajournal.org more, this limitation could be minimized by addition of a linker peptide between the protein and the His-tag. In setting up this assay, the optimal incubation time to equilibrate the ribonucleoprotein complex and to bind the protein to the Ni 2+ bead should be determined. Taken together, the magnetocapture assay is a potentially powerful tool for determining the affinity of protein-nucleic acid complexes.
Stabilization of RNA structure by cations
Unlike DNA, RNA has a much less rigid secondary and tertiary structure granted by the presence of the 2Ј-hydroxyl. For the RNA molecule to fold into a biologically relevant structure, it has to overcome both energetic constraints where its polyanionic characteristics are counterproductive to favorable base-stacking and van der Waal interactions and topological constraints due to local secondary structures competing against a global fold ( Thirumalai et al. 2001) . Cations are necessary to overcome these competing forces so that an ion core, homologous to the hydrophobic core in protein folding, exists as a framework around which RNA can fold (Tinoco and Kieft 1997) .
Two different ion-RNA interactions are possible. The first is diffuse binding or association where the cation is electrostatically attracted to the high anionic charge of the RNA molecule and cation-cation repulsion is minimal. Additionally, such ions typically remain fully hydrated (Misra and Draper 2001; Draper 2004) , decreasing the energetic cost of dehydration. A diffusely bound ion can become kinetically trapped in a specific location, but it still maintains an outer-sphere contact, potentially forming hydrogen bonds with the RNA surface. The second class is a chelated ion or a site-specific ion. These ions often form innersphere contacts with RNA functional groups and are partially desolvated. Therefore, the energetic cost can be high. Consequently, diffuse ions dominate the overall thermodynamic stabilization of RNA structure (Misra and Draper 2001; Draper 2004) .
At low ionic strength, the affinity of PRNA for P protein decreases. The disappearance of this effect when Li + is substituted for K + suggests that this decreased affinity is caused by destabilization of the native structure of PRNA at low ionic strength. Cations with a higher charge/ionic radius ratio have previously been demonstrated to stabilize RNA structure better than cations with a lower charge/radius ratio. This is not only true for RNA secondary structure, as seen in the mRNA pseudoknot from Moloney murine leukemia virus responsible for the repression of the gag gene stop codon (Gluick et al. 1997 ), but it is also evident in stabilizing the tertiary structure of tRNA Phe (Urbanke et al. 1975; Labuda and Augustyniak 1977) and the quaternary structure of VL30 RNA dimers from murine leukemia virus (Torrent et al. 1994) . Pan and colleagues have demonstrated that there are a number of intermediates and kinetic traps in the folding of PRNA, and nonnative structures can predominate at low Mg 2+ concentrations (Pan and Sosnick 1997) . In our experiments, PRNA may similarly form a nonnative structure at low ionic strength that has low affinity for P protein.
The PRNA·P protein binding site
At high ionic strength, the observed intraholoenzyme K D increases as the ionic strength increases, indicating an ionic interaction. The slope of the line in Figure 6 indicates that three to four important ionic interactions stabilize the formation of the PRNA-P protein complex. Furthermore, the small dependence of these interactions on the cation type suggests that the protein displaces diffusely bound, rather than specifically bound, cations.
Only when lithium is substituted for potassium is the n 3 value different (1.1 ± 0.6; Table 1 ). These data suggest either that only one to two important ion pairs (mЈ) stabilize the holoenzyme complex under these conditions or that the plateau region extends from 10 −1.6 to 10 −0.4 M ionic strength because of an increase in K 3 (see Equation 1), suggesting that a larger value for n 3 would be observed at higher concentrations of LiCl. Unfortunately, it is not possible to access high enough concentrations of LiCl to test this hypothesis without precipitating either the PRNA and/or the P protein.
Molecular dynamics simulations with the RNA binding domain of the U1A spliceosomal protein-hairpin RNA complex (Hermann and Westhof 1999) have shown that the cations cluster around the RNA and compete with the protein at the binding site, and we propose a similar mechanism for complex formation in RNase P. Ribonucleoprotein complexes can form hydrogen bonds and van der Waal contacts between protein side chains and either the phosphate backbone or the nucleotide bases. Unlike DNA-protein complexes, which have a preference for contacts between the nucleic acid backbone and the protein, RNAprotein complexes make base-protein and backbone-protein contacts with equal frequency. Ionic interactions between proteins and RNA most often include interactions by positively charged lysine and arginine residues and the negatively charge phosphate backbone (Jones et al. 2001) .
The crystal structure of the B. subtilis P protein (Stams et al. 1998) illuminates possible RNA binding regions. One RNA binding region is the central cleft formed from an ␣ helix and a ␤ sheet lined with aromatic residues. Crosslinking studies (Niranjanakumari et al. 1998b ) and affinity measurements (Crary et al. 1998) demonstrate that this region of the protein interacts with the 5Ј leader sequence of pretRNA. Consistent with this, we demonstrate here that addition of the substrate enhances the apparent P protein-PRNA affinity, likely a result of direct interaction of the pre-tRNA with both PRNA and P protein because product tRNA has no effect on complex affinity (Fig. 5) . Taken together, these results indicate that the central cleft interacts with the leader of pre-tRNA and therefore cannot be a site for the PRNA/P protein interaction.
A second potential RNA binding region on P protein is the highly conserved, left-handed ␤␣␤ crossover and helix called the RNR motif because of the conserved arginine, asparagine, arginine sequence motif, consisting of the sequence Lys-Xaa 4-5 -Ala-Xaa 2 -Arg-Asn-Xaa 2 -(Lys or Arg)-Arg-Xaa 2 -(Arg or Lys) (Stams et al. 1998) . Engineering sitespecific Cys mutations to anchor hydroxyl radical reducing agents such as EDTA-Fe in E. coli (Tsai et al. 2003) and Cu-phenanthroline in B. subtilis (S. Niranjanakumari, J.J. Day-Storms, R.A. Venters, M. Ahmed, and C.A. Fierke, in prep.) has demonstrated that the RNR motif is near helices P3 and P4, the putative enzyme active site, in both the E. coli and B. subtilis RNase P holoenzymes (Tsai et al. 2003; S. Niranjanakumari, J.J. Day-Storms, R.A. Venters, M. Ahmed, and C.A. Fierke, in prep.) . In particular, labels attached to the K64C mutant (Cys 66 in E. coli) in the RNR motif cleaved at either C370 or A371 (B. subtilis numbering) in J19/4 (J2/4 in E. coli), where C370 is universally conserved in all cellular PRNAs and A371 is invariant in bacterial PRNAs (Frank and Pace 1998) . Additionally, radicals anchored to the N terminus of the P protein cleave helix P3 of both RNAs. Consistent with this interaction, helix P3 in S. cerevisiae RNase P interacts with Pop1p, one of the nine essential protein subunits of the yeast holoenzyme (Ziehler et al. 2001) .
The ionic strength dependence of the intraholoenzyme K D (Fig. 6 ; Tables 1, 2) shows that three to four ionic interactions stabilize the PRNA/P protein complex formation. Based on multiple sequence alignments of the lefthanded ␤␣␤ crossover into the helix of the RNR motif in gram-positive and gram-negative bacteria (Gopalan et al. 1997) , two amino acids, R60 and R65 (B. subtilis numbering) are completely conserved, suggesting that these two positively charged residues could play a role in the ionic interaction at the PRNA-P protein binding site. Additionally, both K53 and R68 (B. subtilis numbering) are conserved as either Arg or Lys in bacteria (Gopalan et al. 1997; Tsai et al. 2003) , and the charged side chain at K64 (B. subtilis numbering) is conserved in bacteria except in the case of Mycobacterium leprae P protein, where it is an Ala (Gopalan et al. 1997) . These residues could also be involved in charge-charge interactions in RNase P holoenzyme. A site-directed spin label incorporated at position E. coli K54 (K53, B. subtilis) has decreased mobility, as indicated by EPR spectroscopy, on addition of the E. coli M1 RNA, further implicating its potential involvement in a protein-RNA interaction (Gopalan et al. 1999) . In summary, the RNR motif and, possibly, the N terminus are the area(s) to probe to localize the ionic interactions between the PRNA and P protein.
MATERIALS AND METHODS
Nucleic acid and protein preparations
Unmodified pre-tRNA Asp containing a 10-nucleotide 5Ј leader sequence and mature tRNA Asp was prepared from a linearized plasmid by in vitro transcription with T7 RNA polymerase (Milligan and Uhlenbeck 1989) as previously described (Beebe and Fierke 1994) . B. subtilis PRNA, B. subtilis C domain, and S. cerevisiae RPR1 RNA were transcribed in the presence of excess guanosine to form RNA transcripts with a 5Ј hydroxyl (Ziehler et al. 2000) and were subsequently labeled at the 5Ј end with 32 P-␥-ATP (MP Life Technologies) using T4 polynucleotide kinase (New England Biolabs). The DNA oligomer containing the sequence TAATAC GACTCACTATAG was purchased from Invitrogen Life Technologies and was subsequently labeled at the 5Ј end with 32 P-␥-ATP as previously described. Purified His-tagged E. coli C5 protein (Rivera-Leon et al. 1995) was a generous gift from Dr. Jeffrey C. Kurz. The gene for B. subtilis P protein was cloned into pET28b such that the expressed protein contained either a C-terminal (pET28b-PP-hisC) or an N-terminal (pET28b-PP-hisN) hexa-histidine tag. Recombinant C-terminal and N-terminal His-tagged P proteins were purified from BL21(DE3)pLysSpET28b-PP cells induced with 1 mM isopropylthio-␤-D-galactopyranoside followed by incubation at 37°C for 4 h. The cells were washed, resuspended with Buffer A (50 mM Tris-HCl at pH 8.0, 0.5M NaCl, 5 mM imidazole), and lysed by French press. The lysate was centrifuged at 10,000 rpm for 10 min to remove any insoluble cell debris. The clarified lysate was loaded onto a 5 mL Ni-NTA agarose column pre-equilibrated with Buffer A and washed with Buffer A containing 20 mM imidazole. The bound His-tagged P-protein was eluted with Buffer A containing 250 mM imidazole. The eluted protein was diluted threefold with Buffer B (50 mM potassium phosphate buffer at pH 8.0, 5 mM EDTA, 0.1 M NaCl), loaded onto a 5 mL P-11 phosphocellulose column pre-equilibrated with buffer B, and washed with Buffer B containing 0.8 M NaCl. The bound protein was eluted with Buffer B containing 2 M NaCl. Eluted P protein was dialyzed against 50 mM Tris-Cl (pH 8.0), 100 mM NaCl. The protein concentration was determined as described previously (Niranjanakumari et al. 1998a ).
Magnetocapture assay
Refolded, 32 P-5Ј end-labeled PRNA, RPR1 RNA (for the heterologous studies and nonspecific interaction studies), or C domain at trace concentrations (<0.1 nM) in 50 mM Tris (pH 8), 10 mM MgCl 2 , 10 mM imidazole, and 100 mM KCl was mixed with various concentrations (0.1 nM-2 µM) of His-tagged P protein (Fig. 1, step A) . The solution was incubated for 30 min at 25°C to allow the equilibrium formation of the holoenzyme complex (Fig.  1, step B) . Then magnetic agarose beads containing nickel coordinated by NTA (Qiagen) were added (Fig. 1, step C) . Typically, 10-20 µL of magnetic beads were added to a final solution volume of 300-1000 µL in a microfuge tube or 300 µL of solution with 10 µL of magnetic beads per well in a standard 96-well plate. The mixture was continuously agitated by either an end-over-end rotator (microfuge tubes) or by a platform shaker (96-well plates) for 1 h at room temperature. This agitation is necessary to ensure that the beads remain suspended in solution. One hour of incubation RNase P intraholoenzyme interactions www.rnajournal.org was sufficient to bind the His-tagged holoenzyme complex; no increase in bound radioactivity was observed for longer incubation times. The magnetic beads were separated from the bulk solution using an external magnet (Fig. 1, steps D, E) . The radiolabeled PRNA (reflecting the holoenzyme complex) was eluted from the beads by incubation in 100 mM EDTA, 2% (v/v) SDS for 5 min at 95°C. Cerenkov scintillation counting was used to quantitate the radioactivity of the bound and free PRNA. The radioactivity bound to the beads went from a low of <5% (cpm background ) in the absence of P protein to a high of 70%-90% at saturating P protein (cpm endpoint ). The fraction of bound RNA was determined as previously described (Beebe and Fierke 1994; Kurz et al. 1998) , where ([protein · RNA] / [RNA total ]) = (cpm eluate − cpm background ) / (cpm endpoint − cpm background ). The Ni-NTA magnetic beads functioned much better than Ni-NTA spin columns (Qiagen) where the radiolabeled PRNA was retained in the column in the absence of protein, presumably by binding to the column filter. All data were fit with Kaleidagraph (Synergy Software) curve-fitting program. The dissociation constants were determined using Equation 2.
͓PRNA и P protein͔
Intraholoenzyme K D measured as a function of ionic strength
The individual assays were performed as previously described, but the ionic strength was altered by varying the concentration of KCl. The dependence of the apparent dissociation constant on ionic strength was fit globally as described in Equation 1 and Scheme 1 assuming complete cooperativity in ion binding. The K D,app is the dependent variable, and the ionic strength, Z, was the independent variable. Furthermore, at high ionic strength, the K D,app is approximated by log K D,app = n 3 log [Z] − n 3 log K 3 to determine the value of n 3 log K 3 . The ionic strength was calculated using Equation 3 (Ellis and Morrison 1982) where [I i ] is the concentration of ion I i , and Z i is the ionic charge of ion i. It should be noted that both the cation and the anion must be treated separately. This equation was used to determine the ionic strength for all experiments including those where ATP, Co(NH 3 ) 6 Cl 3 , and/or MgCl 2 were included. The intraholoenzyme dissociation constant was determined by varying the
concentration of KCl or LiCl from 0.1 to 800 mM in the presence of 50 mM Tris-HCl (pH 8), 10 mM imidazole, and/or 10 mM MgCl 2 . To test the possibility that the K D is enhanced by stabilization of the protein structure by anions, the experimental conditions were identical to those of the KCl titration except that 1 mM ATP was added. To monitor the effects of divalent and trivalent cations on intraholoenzyme affinity, we titrated either 0.1-100 mM MgCl 2 or 0.1-20 mM Co(NH 3 ) 6 Cl 3 into the solution containing 50 mM Tris-HCl, 10 mM imidazole, and either 200 mM KCl (for MgCl 2 ) or 100 mM KCl (for Co(NH 3 ) 6 Cl 3 ). To measure nonspecific binding of nucleic acids at low and high ionic strength, we determined the observed K D between either trace 5Ј end-labeled RPR1 RNA or DNA oligomer and His-tagged P protein as previously described using buffers containing 50 mM TrisHCl (pH 8), 10 mM imidazole, 10 mM MgCl 2 , and either 15 mM KCl (for low ionic strength) or 800 mM KCl (for high ionic strength).
Measurement of intraholoenzyme K D in the presence of pre-tRNA Asp or mature tRNA
Asp
The intraholoenzyme K D was determined in the presence of either 0.1 nM pre-tRNA Asp or 0.1 nM mature tRNA Asp as a function of ionic strength by varying the concentration of KCl. As previously stated, 50 mM Tris-HCl and 10 mM imidazole were included in the solution buffer but 10 mM CaCl 2 replaced the 10 mM MgCl 2 . The K D was determined as previously described.
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